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EXPERIMENTAL EVALUATION OF A PURGED SUBSTRATE MULTILAYER 


INSULATION SYSTEM FOR LIQUID HYDROGEN TANKAGE 


by Richard L. DeWitt and Max B. M e l l n e r  


Lewis Research Center 


SUMMARY 

In the field of insulation study insufficient attention has been paid t o  determination of 
the thermal  performance of large scale  liquid hydrogen (LH2) tank mounted systems. 
The work reported herein is an  experimental determination of both the space-hold and 
the ground-hold performance of a gaseous helium (GHe) purged substrate multilayer 
blanket insulation system for  a 7-foot- (2. 134-m-) diameter spherical  LH2 tank. The 
work w a s  conducted in a 25-foot- (7.620-m-) diameter spherical  side loading vacuum 
chamber. No isothermal shroud w a s  employed around the tes t  configuration. The heat 
source was  the ambient temperature  chamber wall. 

The objectives of the seven space-hold tes t s  were t o  determine (1) if repeated ther
mal cycling of the system would cause degradation of the performance, (2) the repro
ducibility of the thermal  performance after removal, inspection, and reinstallation of 
the insulation blankets, and (3) determination of the performance of the insulation sys
tem for three,  four, five, and six blanket thicknesses (i. e. , 30, 40, 50, and 60 radia
tion shields). Five additional tests were made to  determine the ground-hold perform
ance. 

No ser ious degradation of the space-hold thermal  performance of the three-blanket 
system was observed over th ree  consecutive cyclic tests.  The space-hold performance 
of the three-blanket system was found, however, to be a strong function of the technique 
of application. Heat flux values of 0.373 and 0.579 Btu per  hour pe r  square foot 
(4.233X10 3 and 6. 5 7 1 ~ 1 0 ~J/(hr)(m 2)) for  the originally installed and reinstalled sys
tems,  respectively. For the four-, five-, and six-blanket t e s t s  the total heat flux 
through the undisturbed insulation system decreased approximately proportional t o  the 
thickness of the insulation. 

All the boiloff rates measured during the ground-hold t e s t s  were  considered in ex
c e s s  of what they should have been had this  subsystem performed as originally designed. 
The main source of unexpected heat addition to  the tes t  tank was believed due t o  condens
ing and freezing of nitrogen in the insulation blankets. 



INTRODUCTlON 

The use  of liquid hydrogen (LH2) as a propellant for  near  ear th  and lunar space
craft  requires  well  designed thermal  protection sys tems t o  minimize bulk heating and/or 
phase change of the fuel. These systems must  be capable of thermally isolating the fuel 
tank from i t s  surroundings during ground hold, boost, and finally, some given space-
hold period such as interplanetary t ransfer  and/or planetary orbit. 

The insulation system configurations which are presently being used and those 
planned for  the future can be divided arb i t ra r i ly  into those sufficient for  short  t e rm 
missions (say 5 8  days) and sys tems for  interplanetary t rave l  (>8 days). Numerous 
analytical and experimental investigations have been conducted for  both tank mounted 
and shadow shield insulation systems for each of the two categories of missions. The 
bulk of the work reported in the l i terature  deals  with the "first step" (i. e. , tank 
mounted insulation sys tems for  short  t e rm missions).  The majority of the experimental 
work which is reported has  been accomplished using calorimeter-type tes t  equipment. 
The general  objective has  been t o  obtain total heat flux data through insulation samples 
as a function of the following parameters:  shield coating, spacer  material ,  packing 
density, and boundary temperature.  These experiments have generally been closely 
controlled and have been directed a t  determining the lowest possible heat flux values 
obtainable. Much screening of insulation system configurations, as well as specific en
gineering design information has resulted from this  work. A comprehensive summary 
of insulation technology advances is available as reference 1. 

One objective that has not received much attention i s  the thermal performance of 
large scale tank mounted insulation sys tems which (1) have been exposed to  several  
thermal  cycles pr ior  to  launch o r  (2) have had t o  be  partially removed at  the launch pad 
to effect some tank or  fluid component repa i r  before start of the mission. Further,  
since predictability of large scale  tank mounted insulation system performance is sti l l  
somewhat of an  a r t ,  the technology could be improved by deterining the thermal  per
formance of the given system as a function of the number of shields. 

The work described in this  report  deals  with additional space-hold and ground-hold 
thermal  performance of a purged substrate multilayer blanket insulation system which 
was originally designed for an  82.6-inch- (2.098-m-) diameter spherical  LH2 tank un
dergoing an  8-day lunar mission. This  system was originally tested under simulated 
ground-hold and space-hold environmental thermal  conditions (NASA contract NAS 
3-4199). The original investigators obtained heat f lux  r a t e s  of 18 000 and 165.6 Btu per  
hour (18.98XlO6 and 0. 174x106 J /hr)  for  a single ground-hold and space-hold test ,  re
spectively. Temperature measurements obtained during the tes t  work indicated that the 
ground-hold protection portion of the system w a s  inadequate. Further,  the temperature 
measurements indicated that a significant improvement in the space-hold performance 
could probably be obtained by removing the fiberglass girth s t r ip  at the support cone
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to-tank junction and replacing the s t r ip  with multilayer blankets. Complete test resu l t s  
are presented in reference 2. No comparison of the data f rom reference 2 with the data 
of this  report  will be made because of the difference in test conditions employed. 

The multilayer insulation system, as originally conceived, consisted of a 0.5-inch
(0.0127-m-) thick fiberglass mat  sublayer covered by 30 layers  of multilayer insulation 
(0.25-mil or  6 . 3 5 ~ 1 0 - ~ - mMylar coated both s ides  with vapor deposited aluminum) fab
ricated in gore-shaped blankets. The multilayer insulation was separated from the fiber
g lass  mat  sublayer by a plastic vapor barrier. 

During the ground-hold period, the fiberglass mat sublayer w a s  purged with gaseous 
helium (GHe) and the blankets w e r e  exposed to  gaseous nitrogen (GN2). The purpose of 
the GHe w a s  to  purge all condensibles f rom the sublayer and also t o  keep the surface of 
the plastic vapor barrier above the condensation temperature  of'the GN2 in the blankets. 

The purpose of the multilayer insulation blankets w a s  to  serve as the pr imary pro
tection against the radiation heat t ransfer  encountered during space hold. Each blanket 
of insulation consist.ed of ten double-aluminized Mylar radiation shields, each separated 
by a g lass  fiber paper spacer.  Nylon monofilament threads and Teflon buttons were 
utilized to assemble the ten radiation shields and nine paper spacers  in each of the three 
modular blankets. 

The objectives of this  present work were fourfold: (1) to  determine if repeated 
thermal  cycling of the insulation system would cause degradation of the space-hold per
formance of the tank mounted insulation system, (2) determine the reproducibility of the 
thermal  performance af ter  removal, inspection, and reinstallation of the insulation 
blankets, (3) determine the space-hold performance of the insulation system for  three,  
four, five, and s ix  blankets, and (4)determine the performance of the ground-hold sub
system. 

All t es t s  were conducted in a 25-foot- (7.620-m-) diameter spherical, side loading, 
vacuum chamber. No isothermal shroud was employed around the tes t  configuration. 
The heat source w a s  the ambient temperature  chamber wall. The view factor of the tes t  
configuration to  the vacuum chamber w a l l  w a s  essentially 1.0. Liquid hydrogen w a s  the 
propellant used in all tes t  runs. 

For the space-hold portion of the program, seven t e s t s  w e r e  conducted. The f i r s t  
three t e s t s  were simple thermal  cyclic tests on the three-blanket configuration (i. e. ,  
the insulation w a s  cooled from room temperature  to  its operating temperature and then 
allowed to  re turn to  room temperature).  The three insulation blankets on the tank hemi
spheres  and support cone were then carefully removed, inspected, and reinstalled before  
the fourth tes t  (objective 2) was conducted. The last three  tests were made with four, 
five, and s ix  insulation blankets (nominally 40, 50, and 60 shields), respectively. 

Six ground-hold tests a l so  were conducted. Five of the tests were made with GHe 
in the substrate  and GN2 in the insulation blankets. The final t es t  w a s  made with GHe 
in both the substrate  and the insulation blankets. 
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The .propellant ullage level in all t e s t s  w a s  kept between 4 and 16 percent. Total 
heat flux into the propellant w a s  obtained by measuring the boiloff gas flow rate. Tem
perature profiles, thermophysical property data, and transport  property data were then 
used to  calculate the various components of the total heat flux. 

SYMBOLS 

A area,  ft2; m 2 


B heat lost  t o  ullage gas  by one liquid-level sensor ,  Btu/sec; J / sec  


C heat lost t o  liquid propellant by one liquid-level sensor,  Btu/sec; J / sec  


C F  coefficient of discharge 


C
P 

specific heat a t  constant pressure,  Btu/(lb)(OR); J/(kg)(K) 


D diameter,  in. ;  m 


DINSUL internal energy change of insulation system, Btu/sec; J / sec  


DTANK internal energy change of tank wall, Btu/sec; J / s ec  


DULL internal energy change of tank ullage gas, Btu/sec; J / sec  


F conversion factor ia eq. (13) 


h specific enthalpy, Btu/lb; J/kg 


i number of liquid-level sensors  in ullage 


j index number 


K specific heat ra t io  


k thermal conductivity, Btu/(hr)(ft)(OR); J/(hr) (m)(K) 


keff effective thermal  conductivity, Btu/(hr)(ft)(OR); J/(hr)(m)(K) 


L length or  thickness, ft; m 


2 index number 


M mass,  lb; kg 


M m a s s  flow rate ,  lb/sec; kg/sec 


m index number 


n number of effective radiation shields 


P pressure,  psia; N/m 2 abs  


PTANK tank pressure,  psia; N/m 2 abs 
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Q heat flow, Btu/hr; J / h r  

Qb heat t ransferred a c r o s s  insulation boundary, Btu/sec; J / sec  

QCONE heat conducted into propellant through support cone, Btu/sec; J /sec 

QINSUL heat flux through insulation system on both hemispheres and both hats, 
Btu/se c; J/s ec 

QLLS heat lost  to  propellant by liquid-level sensors ,  i(B) + (13 - i)C, Btu/sec; 
J/sec 

QoUT latent and sensible heat contained in  boiloff gas, Btu/sec; J /sec 

QPIPES heat conducted into tank through service lines, Btu/sec; J/sec 

QPSMI QINSUL f DINSUL, Btu/sec; J/sec 

QPURGE heat lost to  propellant by ground-hold helium purge gas, Btu/sec; J / sec  

QUMNT heat flow through insulation system covering tank hemispheres only, Btu/sec; 
J / sec  

QWIRES heat conducted into insulation through instrum entat ion wires,  Btu/sec; J /sec 

heat flux, Q/A, Btu/( hr )  (ft2); J /(  hr)(m 2, 

R universal gas  constant, ft -lbf/(lbm) (OR); J/K 

T temperature,  OR; K 

TEW environmental chamber wal l  temperature,  0R; K 

AT temperature differential, OR; K 

t time, sec  

Au internal energy change, Btu/sec; J / sec  

V volume, ft3; m 3 

v volumetric flow, f t3/sec; m 3/sec  

A indicates differential 

E emissivity 

x latent heat of evaporation, Btu/lb; J/kg 

P 
density, lb/ft 3; kg/m 3 

CJ Stephan-Boltzmann constant, 1. 7 13X10-9 Btu/(hr)(ft2 0 4)( R ); J/(hr)(m2)(K4) 

6J flow rate, lb/sec; kg/sec 

Subscripts: 

B blanket 
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II 11111 1111.1-1 I. 

BO boilof f 

C complete thickness of blankets and substrate  

COMP component 

GHe gaseous helium 

H free hemispherical  area of tank 

D E A L  theoretical radiation heat f lux  through insulation blankets 

IN in 

LIQ saturated liquid 

m index 

OSM outside surface of insulation, measured 

OUT out 

PM propellant, measured 

S shield 

VAP saturated vapor 


VL position on vent line where insulation intersects  


W wall 

INSULATION SYSTEM 

A detailed description of the design, fabrication, and installation of the three-
blanket insulation system is given in reference 2. Therefore, the description of the 
system will only be summarized in this  report .  

The basic test configuration consisted of (1) an  82.6-inch- (2.098-m-) diameter 
spherically shaped tes t  tank, (2) a continuous support cone, and (3) an Aclar purge bag 
enclosed fiberglass mat sublayer covered by 30 layers  of multilayer insulation. 

Figure 1 is a veiw of the test tank and support cone. The tank hemispheres, Y-ring, 
and access  port cover were constructed of 2219-T87 aluminum. Nominal tank wal l  
thickness w a s  0. 125 inch (0.0032 m). The continuous support cone w a s  constructed of 
0.016-inch- (0.0004-m-) thick 6A1-2. 5Sn titanium. Molded fiberglass covers  were 
used to  contain both the personnel access  hatch and the sump a t  the base of the tank. 
Portions of these covers  were removable to  allow access  to sea ls  and instrumentation 
l ines with only a minimum of interruption of the insulation. Figure 1 also shows the 
f i r s t  s tep  of the installation which w a s  the cementing of Velcro fasteners  to  the outside 
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surface of the tank and cone. This  set of fas teners  w a s  used to  both attach and support 
the fiberglass sublayer. 

The second step was the addition of the 0. 5-inch- (0.0127-m-) thick fiberglass mat  
sublayer (fig. 2) t o  both tank hemispheres as well as the outside of the support cone. 
This  mat  was then covered by an  Aclar bag. The substrate  and Aclar bag on the top 
hemisphere were  not interconnected with any of the software on the bottom hemisphere 
because of the support cone. A view of the installation of the sublayer and the Aclar 
bag arrangement,  at least on the bottom hemisphere, can be seen in figure 2. The com
plete installation of the sublayer and the Aclar bag constituted the helium purged ground-
hold system. The objectives of using the helium purge gas  were t o  remove condensibles 
in the sublayer and t o  maintain the Aclar bag (on the outside of the fiberglass sublayer) 
at a temperature 2140' R (77.8 K), the condensation temperature  of GN2. Gaseous ni
t rogen  w a s  used as the multilayer insulation blanket purge since it has a lower thermal  
conductivity than GHe and hence is desirable  t o  reduce the gaseous hydrogen (GH2) boil-
off during the ground-hold condition. Four helium purge gas  paths were used. They 
are shown schematically in figure 3. 

Three insulation blankets w e r e  applied over the Aclar purge bags (fig. 4). Each 
blanket of insulation consisted of ten double-aluminized Mylar radiation shields (0.25
mi l  (6. 35X10-6-m) Mylar coated both s ides  with vapor deposited aluminum), each se
parated by a 2.8-mil- (71. 12X10-6-m-) thick g lass  fiber paper spacer  (Dexiglas). 
Monofilament threads and Teflon buttons were utilized to  assemble the ten radiation 
shields and nine Dexiglas spacers  of each blanket into the gore-shaped modules (see 
fig. 5(a)). Velcro fasteners  were used t o  attach the gore segments of the inner blanket 
to  the Aclar purge bag. The second blanket was supported by nylon threads which were 
f i r s t  tied behind the buttons on the inside surface of the second blanket. The threads 
were then tied beneath selected buttons on the first blanket (see fig. 5(b)). The third 
blanket w a s  tied to  the second blanket in the same manner. A nylon net w a s  used as the 
outermost covering of the tes t  configuration. 

The fourth, fifth, and sixth blankets were individually installed on the top hemi
sphere in  the same manner as the second and third. The extra  blankets on the bottom 
hemisphere were individually supported by means of integral nylon s t raps  attached t o  
the top of the cone support and the sump cover-to-tank intersection (fig. 6). Actual 
weights of the substrate and all insulation blankets are listed in table I. 

The only major change between this  system and the original installation (i. e., NASA 
contract NAS 3-4199) w a s  in the support cone-to-tank junction area. The original f i 
berg lass  girth s t r ip  was deleted and three  blankets of multilayer insulation were used 
instead as per  the recommendation made in  reference 2. 
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TEST FACILITY 

Figure 7 shows the test tank suspended inside the 25-foot- (7.62-m-) diameter en
vironmental tes t  chamber. A 6-inch- (0. 125-m-) high aluminum facility channel ring 
w a s  attached to  the top of the test tank titanium support cone to  a s su re  uniform load 
distribution. Three 3/8-inch- (0.0095-m-) diameter s ta inless  s teel  rods were used to  
hang the tes t  configuration from the 0-verhead rails inside the chamber. The facility 
chamber was  capable of maintaining a vacuum of a lX10-5 mm Hg during space-hold 
operation. 

Figure 8 is a general  schematic of the facility plumbing. The four major  subsys
tems a r e  (1)the f i l l  line cold guard, (2) the vent line backpressure control system, 
(3) the helium substrate purges, and (4)the nitrogen atmosphere control required for 
ground hold. 

During a l l tes t  periods, a manually adjusted active flow of LH2 w a s  kept up in the 
f i l l  line downstream of the tank shutoff valve. This flow served to  minimize any heat 
leak up the f i l l  line to  the tanked propellant. 

Two parallel  flow paths in the vent line outside the environmental chamber (1)al
lowed filling of the tes t  tank without over-ranging the volumetric boiloff meteqs and 
(2) allowed the boiloff gas  to warm to  ambient temperature before passing through the 
boiloff meters .  

A major piece of equipment in the vent line w a s  the tank backpressure valve and 
its associated control equipment. This unit controlled tank pressure  to  approximately 
16.5 psi ( 1 1 3 . 7 6 ~ 1 0 ~N/m2) within 4 .0036  psi  ( 4 4 .  82 N/m2) during space-hold tests 
and &. 0014 psi (*9.65 N/m 2) during ground-hold tests.  This  bandwidth was  calculated 
using the data obtained by monitoring the output signal of the high resolution tank pres
su re  sensor in the backpressure control circuit. Inasmuch as any loss  of tank pressure  
increases  the vent line flow ra t e  and, conversely, any increase in tank pressure  resul ts  
in a decreased boiloff flow, the extreme importance of a fine resolution backpressure 
circuit cannot be  overemphasized by the authors. The resolution necessary can be  cal
culated once the approximate boiloff ra te  and the allowable e r r o r  in that ra te  have been 
specified. 

Figure 9 is a block diagram of the tank backpressure control circuit used during 
The crit ical  component of the circuit  was  the high resolution differ-this  tes t  program. 

ential pressure transducer. The particular transducer employed had an advertised 
resolution of *lX10-5 mm Hg. This unit sensed any differential p ressure  between the 
tes t  tank and some constant pressure held in a reference bottle located in a temperature 
conditioned bath outside the environmental chamber. (An ice water bath was  selected 
to  house the reference volume bottle because this  type of bath had the least temperature 
change for the range of barometr ic  pressure  values expected during testing. ) The out
put of the differential p ressure  transducer w a s  electrically conditioned and used as an 
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input signal t o  the controller of a valve in the tank vent line. Since a large difference 
existed between the ground-hold and space-hold boiloff ra tes ,  two separate controllers 
and valves were used. 

The four separate helium gas  substrate purges were individually controllable. A 
choked flow orifice in each line enabled measurement of the flow rate. Also, during 
ground-hold testing, the environmental chamber w a s  filled in  a controlled manner with 
either GN2 or  GHe. A relief valve in  the chamber vent line prevented chamber pressure  
from rising more  than 0.180 psi  (1.241XlO3 N/m 2) above atmospheric pressure.  

INSTRUMENTATION 

The basic  objective of the instrumentation w a s  to  provide enough temperature data 
s o  all solid conduction heat fluxes, as well as internal energy changes of the insulation, 
tank, ullage, and liquid propellant could be determined. A second objective w a s  to  de
termine the m a s s  ra te  of flow and energy level of the vent gases. 

Both simple and differential thermocouples as well as platinum resistance temper
ature  sensors  comprised the temperature t ransducers  on the tes t  configuration. The 
platinum sensors  were generally used where good accuracy at low absolute values w a s  
required (e. g. , the tank wall, the tank vent line, the liquid f i l l  line, etc. ). Thermo
couples were employed where temperatures ?looo R (55. 56 K) were expected. The dif
ferential  thermocouples were used in several  instances to  help reduce the number of 
instrumentation lead wires,  and their  associated heat flows, to  the tes t  configuration. 

Figure 10 is a schematic of the instrumentation on the tes t  package. A typical 
c ros s  section of an installation on the top hemisphere consisted of (1)two platinum r e 
sistance temperature sensors  on the tank wall, (2) three copper-constantan (Cu-Cn) dif
ferential  measurements from the outside surface of the third blanket t o  (a) the Aclar 
bag, (b) the outside surface of the first blanket, and (c) the outside surface of the second 
blanket, (3) an absolute temperature  measurement of the outer surface of the third blan
ket (Cu-Cn thermocouple), and (4) absolute surface temperature measurements for  the 
outer surfaces of blankets 4, 5, and 6 (Chromel-constantan (Cr-Cn) thermocouples). 

The only difference in the temperature instrumentation on the bottom hemisphere 
w a s  that thermocouples were employed instead of platinum res i s tmce  sensors  on the 
tank wall. These thermocouples were used for general  monitoring, not as a source of 
pr ime data. 

Two groups of radial  temperature  measurements were a l so  installed at the girth of 
the tes t  tank. The titanium support cone and the Y-ring were instrumented with both 
platinum resistance sensors  and thermocouples. The tank lid, as well  as both the vent 
and f i l l  lines, were instrumented with platinum resistance temperature sensors.  The 
tank vent line a l so  contained one platinum resistance sensor  and a thermocouple for  
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measurement of boiloff gas temperature. The heat flux through the helium gas  substrate  
purge l ines and the instrumentation l ines coming in the top hat and sump cover were de
termined using Cr-Cn thermocouples. Platinum resis tance senso r s  were used on the 
ends of the helium purge l ines inside the fiberglass covers  in order  t o  obtain a n  exact 
temperature  of the gas  during ground-hold tests.  Bonded strain-gage t ransducers  were 
used t o  measure the tank pressure,  the pressure  in the LH2 f i l l  line, and the inlet p res 
s u r e  of the ground-hold GHe substrate purge. A rotating vane flowmeter was used t o  
monitor filling of the test tank and a l so  the LH2 flow when the f i l l  line cold guard system 
was  operational. 

An effort w a s  made in both the top hat and the sump cover areas t o  obtain a measure  
of any interaction between the insulation blankets and the main tank service l ines (i. e., 
vent and f i l l  lines). Differential Cu-Cn thermocouple junctions were installed within the 
first three blankets; Cr-Cn couples were mounted on the fourth, fifth, and sixth blan
kets. Intermittent difficulty (mainly open differential measurements) was encountered 
with the signals obtained from both sets of the differential measurements during all 
space-hold tests.  The data from these junctions served only to  evaluate changes in the 
internal energy of the insulation. These particular measurements were not completely 
usable for  their  pr imary objective. 

Internal tank instrumentation consisted of six platinum temperature  sensors  and 
thirteen hot w i r e  liquid-level probes. The temperature  sensors  were used t o  obtain 
propellant and ullage gas  temperatures;  the liquid-level sensors  were used t o  obtain 
d iscre te  liquid-level positions during the tank load and the tes t  period. 

Two differential volumetric gas  flowmeters were used t o  measure the boiloff gas  
flow rate. The range of the low flow unit w a s  0 t o  75 SCFH (0 t o  2. 12 m 3/hr); the range 
for  the meter  used during ground-hold testing w a s  0 to  23 000 SCFH (0 to 651. 3 m 3/hr). 
Standard Cu-Cn thermocouples and bonded strain-gage pressure  sensors  were used di
rectly upstream of each meter.  

The GHe substrate purge flow ra t e s  were monitored by using four separate 0.0135
diameter jeweled orifices. Flow through the orifices w a s  alwaysinch- ( 0 . 3 4 3 ~ 1 0 - ~ - m - )  


choked; four separate  strain-gage pressure  t ransducers  were located directly upstream 

of the orifices. 


Figure ll(a) shows a n  electrolytic copper distribution plate and associated lead 
w i r e s  used for the differential thermocouple measurements.  The illustration is labeled 
in order  that use of the disk in obtaining the measurements  may be understood. Fig
u r e  l l (b)  is a schematic of how the sensing junction of each thermocouple w a s  attached 
t o  either the Alcar bag or the double-aluminized Mylar. In all cases ,  the leads from 
any sensing element installation were taped along a shield for a distance not l e s s  than 
12 inches (0.305 m). All insulated leads from the thermocouples were a maximum of 
10 mi ls  ( 0 . 2 5 4 ~ 1 0 - ~m)  in diameter; platinum res i s tor  leads were 20 mi ls  
(0. 508x10- 3 m) in diameter. 
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PROCEDURE 

S pace-HoId Testing 

The first s tep of the procedure for  space-hold testing was to  evacuate the 25-foot
(7.62-m-) diameter environmental chamber t o  a vacuum of approximately lX10-5 m m  
Hg. The warm test tank and insulation system were  cooled as the tank was filled with 
LH2 against a controlled backpressure of at least 19 psia (131x103 N/m 2 abs). The de
creasing boiloff flow rate was only roughly monitored by splitting the flow between the 
space-hold meter  and the main tank vent line. Intermittent topping of the tank was con
tinued during an additional insulation cooling period after the f i l l .  Once the boiloff was 
within the range of the space-hold meter ,  the topping process  w a s  discontinued and the 
tank shutoff valve w a s  closed. The f i l l  line cold guard subsystem was  put into operation 
by opening the cold guard vent valve. The  tank w a s  then slowly vented (using the main 
tank vent line) to  the desired run pressure.  This  operation served to re lease the excess  
sensible heat in the tanked liquid and also served to  preclude any stratification by mix
ing the propellant. The tank backpressure control was then put into operation. 

Two deviations in this  procedure were experienced in space-hold t e s t s  3-1 and 3-3. 
In tes t  3-1, a controlled backpressure was not kept on the tank during the initial fill. 
A s  a result ,  the liquid was not saturated at the s ta r t  of the data recording period. The 
outcome of this  deviation will be elaborated on in the RESULTS AND DISCUSSION sec
tion. In tes t  3-3, the procedure s tar ted with a filled tank in a l-atmosphere GHe envi
ronment. This s tep had to  be taken because in  previous l-atmosphere-level tests, GN2 
had condensed and frozen on the partially insulated propellant tank f i l l  l ines inside the 
vacuum chamber. Subsequent chamber pumpdown w a s  slowed considerably since all the 
frozen nitrogen had to  sublime in the process. This sublimation resulted in a high 
throughput of gas  in the facility diffusion pumps which, in turn, tended to  overheat and 
cause a run shutdown. Because of the higher thermal  conductivity of GHe, considerably 
more  topping of the tank w a s  required while the environmental chamber w a s  being 
pumped down. When the chamber reached = 1x10- 5 mm Hg, the tes t  setup procedure 
continued normally. 

Ground-Hold Testing 

Two tes t  techniques were employed. The f i r s t  s tar ted with a warm test  tank and 
insulation system in a l-atmosphere air environment. The chamber w a s  then purged 
with GN2 or  GHe to  remove air and the GHe substrate  purges were initiated. The test 
tank w a s  filled using the throttling valve on the tank main vent line t o  maintain a con
trolled backpressure.  The tank was topped as required during the insulation system 

11 



cooling process. Once the boiloff was within range of the boiloff meter ,  the topping 
process  w a s  stopped, the cold guard subsystem activated, and the tank w a s  slowly 
vented until the run backpressure control system could be put into operation. 

The second procedure s tar ted with the tank filled with LH2 and a vacuum in the en
vironmental chamber. The GHe substrate purges were used to  initially break  the vac
uum; GN2 was  uped to  complete the process. The entire process  was  done over a 
2-hour t ime period. The insulation system temperatures  were allowed to  stabilize 
while the tank w a s  being topped off against a 19-psia (131x103-N/m 2 abs) backpressure. 
Once system temperatures  had become fairly stable, the cold guard subsystem was  
initiated, the tank w a s  vented, and the backpressure control system was  put into oper
ation. 

The first procedure w a s  used when the ground-hold tes t  period was  the only test to  
be conducted. The second procedure was  employed when a space-hold test  immediately 
preceded a ground-hold period. 

DATA REDUCTION 

Basic Equat ions 

The basic procedure used was to  subtract all solid conduction heat flows, as well as 
internal energy changes of the insulation, tank, ullage, and liquid propellant from the 
heat equivalent of the g ross  boiloff value of the insulated tank. The net boiloff value ob
tained gave the heat flow through the insulation system on both hemispheres and both 
hats. 

Figure 12 is a schematic representation of the heat vectors  which were evaluated. 
The approximate location of where each vector w a s  evaluated as well as a cutaway view 
of the insulation system tank wal l  combination a r e  a l so  shown on the figure. 

To simplify the data reduction, an insulation boundary w a s  drawn between the insu
lation system and the tes t  tank wall. Considering the volume inside the boundary (i. e. , 
tank wall  and contents), the following energy summation may be written: 

&b = @UT + DULL I D T A N K [  - QLLS 

heat latent and internal internal heat lost 
t r ans  - sensible energy energy to  propel
fe r red  heat con- change change lant by 
a c r o s s  in- duction in of ullage of tank liquid
sulation boiloff gas gas wal l  level sen-
boundary sor s 
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Heat vectors considered in the volume outside the boundary may, by conservation 
of energy, be grouped as follows: 

% = QPURGE + QCONE + QPIPES + QWIRES + QPSMI 

heat heat added heat added heat added heat added heat t rans
t rans- by ground- by conduc- by conduc- by conduc- fer red  
fe r red  hold helium tion through tion through tion through through in-
a c r o s s  purge in cone support service l ines instrument sulation 
insula- substrate 

tion 

boundary 


A third iczntity usec is 

QPSMI = QINSUL 

heat flow 
through 
insulation 
system 

wires  	 plus inter
nal energy 
change of 
insulation 

(2) 

f ~ D I N S U L ~  (3) 

internal 
energy 
change of 
insulation 
system 

Equating relations (1) and (2) and substituting equation (3) into the result  yield 

QINSUL * I DINSUL I = QOUT + DULL * I DTANK I - QLLS - QCONE - QPIPES 

- QWIRES - QPURGE (4) 

Every term on the right side of the equation, as well as DINSUL, could be experimen
tally evaluated. The te rm QINSUL w a s  then obtained directly by subtraction. 

It should be noted here  that the t e r m s  DULL, DINSUL, and DTANK, even though 
small ,  wi l l  never be zero. Even when steady s ta te  exists, there  is sti l l  some m a s s  
leaving the tes t  tank. This  loss  of m a s s  resul ts  in a decreasing liquid level and also 
causes some small  temperature changes in the insulation, the tank ullage, and the tank 
wall. 

Any internal energy change of the liquid propellant is implicit in the DULL and 
QOUT terms.  
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Mathematical Representation of Terms in Equation (4) 


QOUT. - Q o U T  is defined as the total latent and sensible heat gained by the liquid 

propellant boiled off during the boiloff process.  

After leaving the tes t  tank and being warmed in the heat exchanger, the vent gas 
passed through a volumetric flowmeter. Temperature  and static pressure  t ransducers  
were located immediately upstream of the meter.  The m a s s  flow rate of gas  w a s  deter
mined using the equation 

The m a s s  flow ra te  w a s  determined once every 10 minutes during the entire tes t  period. 
Values of flow ra t e  between these discrete  points were obtained by l inear interpolation. 
The value of Q o U T  was then calculated by the equation 

L"'J
Latezt heat Sensible heat 

The factor PLI&/(PLIQ - pVAP) cor rec ts  for  the vapor that was formed but did not leave 
the test tank, it merely occupied the space vacated by the evaporated liquid. 

DULL. - The t e rm DULL i s  defined as the internal energy change of the tank ullage 
gas. The continuous process  of boiloff causes  some small  temperature changes in the 
ullage which, in turn, cause some change in the internal energy level of the ullage gas. 

To determine DULL, the change in liquid level must be determined for each t ime 
increment between discrete  data points. The liquid level w a s  determined a t  the s t a r t  of 
each tes t  and redetermined at the t ime the level dropped uncovering a level sensor.  The 
tank volume had previously been calibrated against liquid level and a curve fitted to this 
calibration. The enthalpy change of the ullage over a t ime interval t l  t o  t 2  may be 
written 

DULL (7) 

This  integral w a s  evaluated at constant pressure  using the temperature profile fitted 
from ullage gas  temperature  measurements. 
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DTANK. - The change in energy of the tank wa l l  w a s  determined by applying the 
I-_ 

first law of thermodynamics to  an  element of the wall (M
W j  for  a given t ime interval) 

tl  t o  t2; that is, 

This  numerical integration was performed using the temperature  profile fitted to the few 
temperature sensors  on the tank wall, lid, and Y-ring. The index j varied from 5 t o  18 
depending on the liquid level in the tank. 

QLLS. - The energy added to  the system by internal instrumentation w a s  solely that 
of the 13 liquid-level sensors.  The rate of heat added when i s enso r s  were  in  the ul
lage w a s  

QLLS = (i)B + (13 - i)C (9) 

Btu per  second ( 9 2 . 4 7 ~ 1 0 - ~where B = 8 . 7 7 ~ 1 0 - ~  J /sec)  and C = 24. 6X10-5 Btu per  
second ( 2 5 9 . 3 7 ~ 1 0 - ~J/sec).  A paragraph on calibration of these sensors  appears  in 
the RESULTS AND DISCUSSION section of this  report. 

QCONE. - The instantaneous heat t ransfer  ra te  by solid conduction w a s  calculated 
from the Fourier  equation 

In numerical integration form, the equation may be written 

m 
QCONE = A  E kj(Ta2 - Tl ) j  where k = k(T)

L j = l  

The integration w a s  performed for two diametrically opposed 4.75-inch- (0. 1207-m-) 
long sections beginning 4.0 inches (0. 1016 m) up from the Y-ring-to-cone attachment. 

QPIPES. - The piping consisted of the f i l l  line, the vent line, and the helium gas  
substrate  purge lines. The heat flow ra te  for  each of these w a s  computed using a form 
of equation (11). The integral  was taken for  a section of line immediately outside the 
outer surface of the insulation blankets. 
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QWIRES. - The instrument wiring consisted of leads from thermocouples, platinum 
resis tance temperature  sensors ,  liquid-level sensors ,  and valve controls. All wiring 
was  attached t o  associated piping s o  that the temperature  of the pipe and leads could be 
considered the same. The heat flow rate for  each of the bundles of wires  w a s  computed 
using a form of equation (11). Again, the integral was taken for  a section of line im
mediately outside the outer surface of the insulation blankets. 

QPURGE. - The energy added by the four helium purges during ground-hold testing 
was  calculated by 

Each helium m a s s  flow rate w a s  determined from a cr i t ical  flow orifice where 

Temperatures  and p res su re  data, for  use in the equation, were measured directly up
s t ream of each orifice. 

DINSUL. - The change in insulation internal energy was determined by applying the 
first law of thermodynamics to  each component of the system. The system w a s  divided 
into four components: (1)the top hat consisting of the  reinforced fiberglass f rame and 
three insulation blankets, (2) the top hemisphere consisting of the substrate,  the Aclar 
bag, the three insulation blankets on both the hemisphere and the inside surface of the 
support cone, and any nitrogen gas  contained in  the blankets during ground-hold testing, 
(3) the bottom hemisphere consisting of essentially the m i r r o r  image of the top hemi
sphere and, (4)the sump cover consisting of the reinforced fiberglass f rame and the 
three  insulation blankets. The numerical  integration w a s  done on each component for  a 
given t ime interval t l  to  t 2  using an  equation of the form 

t2 - t l  

Specific heat values for  the double-aluminized Mylar, the Dexiglas, the Aclar purge bag, 
and the fiberglass substrate were obtained from reference 3. 

In equation (3), the t e rm QPSMI represents  the heat t ransferred through the insu
lation plus the internal energy change of the insulation. 
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If the insulation was warming (i. e.,  absorbing heat which would otherwise be flow
ing t o  the propellant), the t e r m  DINSUL w a s  considered additive t o  QINSUL in equa
tion (3). Hence, f rom equation (3) 

QINSUL = QPSMI - ~DINSULI (15) 

If the insulation was cooling, this  represents  a heat addition t o  the propellant which 
would not have been present if the insulation temperatures  could have been forced to  re
main constant. Hence, the t e r m  DINSUL was defined as detracting from QINSUL in 
equation (3) and hence 

QINSUL = QPSMI + ~DINSULI (16) 

Permutations of Equation (4) 

The following equations, (17) t o  (20), a r e  considered to  b e  the pr ime data reduction 
equations. The only reason for  having four equations is for  convenience in grouping the 
heat input t e r m s  t o  the LH2 propellant. The ent i re  group of t e r m s  on the left side of 
each equation is defined t o  be the pr ime heat input t e r m s  t o  the propellant for each case  
considered. 

For the case when both the insulation and the tank wal l  were warming, equation (4) 
can be written as 

\QINSUL + ~ D I N S U L ~+ QCONE + QWIRES + QPIPES + QPURGE + QLLS, = QoUT + DULL + l D T A N K  I 
P r i m e  heat?input t e r m s  (17) 

For the second case, when the insulation was  warming and the tank wall was cooling, the 
t e rm DTANK was negative and equation (4) was written as 

,QINSUL + ~ D I N S U L ~  ~~+ QCONE + QWIRES + QPIPES + QPURGE + QLLS + ~DTANKL= QoUT + DULL (18) 
P r i m e  heatyiinput t e r m s  

For the third case when the insulation was  cooling and the tank wall was warming, the 
following form of equation (4) is correct:  
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Finally, fo r  the case  where both the insulation and the tank wall were  cooling (i. e . ,  
DTANK was negative, equation (4) can be writ ten as 

\QINSUL + QCONE + QWIRES + QPIPES + QPURGE + QLLS + IDTANK I/ = QoUT + DULL - I DINSUL I (20) 
P r i m e  heatYinput t e r m s  

Heat Leak Through the Uninterrupted Insulation QUNINT 

An effort w a s  made to  determine the space-hold heat flow through the uninterrupted 
portion of the insulation (i. e.,  the heat flow ra te  through the free hemispherical area of 
the tank) and to  scale  up these data to  a surrounding temperature  of 528' R (293.3 K). 
The s teps  employed are as follows: 

(1)The heat flow through the insulation QINSUL was divided evenly into a heat flow 
through the top and bottom hemispheres. This  division w a s  justified since outside aver
age surface temperatures  for  both hemispheres were with 4' R (2.2 K)for  any given run. 

(2) The effects of the radiation and conduction loading, as well as the internal energy 
changes of the top hat and the sump cover, were removed from the top and bottom hemi
sphere heat flow values, respectively. 

(3)The resulting heat flow values were then divided into an  ideal radiation heat 
t ransfer  component and a solid conduction heat t ransfer  component. The equation used 
for  calculating the ideal radiation component i s  as follows: 

%DEAL 

n(; - 1) 
(4)The radiation components for  each hemisphere were scaled up to a boundary 

temperature of 528' R (293.3 K)by the rat io  

4 4 

T528° R(293.3 K) - TPM 


4 4 

TOSM - TPM 
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This  scaling factor assumes that all the radiant energy which reaches the Aclar bag ul
timately reaches the liquid propellant. 

(5) The solid conduction heat t ransfer  components for each hemisphere were scaled 
up to  a boundary temperature of 528' R (293.3 K)by the rat io  

-T528° R (293.3 K) - TPM 

TOSM - TPM 

(6) The scaled up values of the heat flows were then normalized fo r  the area of the 
respective hemispheres t o  which they pertained. 

(7)For each run, the average of the two values of the scaled up heat fluxes (step 6) 
for  each tank hemisphere was then computed. 

RESULTS AND DISCUSSION 

Space-Hold Testing 

General. - In total, seven space-hold tests w e r e  conducted. The first three t e s t s  
were simple cyclic t e s t s  to determine i f  repeated thermal  cycling of the insulation sys
tem would cause degradation of the space-hold performance. The insulation blankets on 
the tank hemispheres and support cone were then carefully removed, inspected, and re
installed before the fourth tes t  w a s  conducted. The last  three t e s t s  were made with four, 
five, and s ix  insulation blankets, respectively. For  discussion purposes, the data wi l l  
generally be divided into two groups: the tes t s  on the three-blanket system and the last 
four "increasing insulation thickness" tests. The rebuilt three-blanket tes t  (R3) is 
common to  both of these groups of data. 

Actual boiloff curves  obtained. - The original measured boiloff curves  obtained are- _  
plotted in figures 13 and 14 as a function of test time. Figure 13 displays data for all 
the three-blanket tests; figure 14 displays data for  the increasing insulation thickness 
tests. The periods of t ime which are considered to be steady state for  each run are 
tabulated as par t  of the legend on each plot. It should be pointed out that conclusions 
should not be drawn at  this  t ime using the absolute levels of tank boiloff data shown in 
figures 13 and 14. The chamber boundary temperatures  are different for  all tests -
these temperatures  will be adjusted and the boiloff data will be compared later in the 
report. 

In figure 13, a major difference existed in the transient profile of the boiloff history 
(preceding steady-state) between test 3-1 and the remaining three  tests.  This differ
ence w a s  the result  of start ing test 3-1 with the LHZ propellant subcooled. As a result ,  
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a good percentage of the heat flux getting into the tank was going into sensible heating of 
the propellant and not into latent heat of evaporation. Analysis of the data showed that 
the liquid finally reached a saturated state point af ter  37 hours  of test time. Hence, 
only the last  2.7 hours of the test were considered t o  be valid steady-state data. The 
authors want t o  emphasize the point that, in any boiloff test, the liquid propellant must 
be saturated and maintained at a constant p re s su re  before the boiloff rate reflects the 
t rue  heat flux into the tes t  tank. 

A second singularity in figure 13 appears  as a peak in the boiloff history of test 3-2. 
The explanation for  this was simply a short  t e rm loss  of LH2 in the fi l l  line cold guard 
subsystem. The fast rise ra t e  in boiloff for  the short  t e rm loss  of LH2 flow in the fill 
line cold guard subsystem can be construed as a verification of saturated liquid propel
lant in the tes t  tank. 

Also, it should be noted that the cooldown character is t ics  of the insulation system 
can and do change as a function of variables such as tank f i l l  ra te ,  initial environmental 
chamber pressure  level, and initial s ta r t  temperature  of the insulation. These param
e te r s  were not the same  for  each tes t  and hence different boiloff r a t e s  were observed 
for  the different t e s t s  pr ior  t o  the steady-state periods. These different transient t ime 
his tor ies  do not in any way affect the steady-state tes t  resu l t s  and hence were not of 
pr ime concern t o  the authors. Also in figure 13, a large difference existed between the 
boiloff of tes t  R3 and the resu l t s  obtained from the f i r s t  th ree  tes ts .  This  difference, 
which wi l l  be discussed in detail la ter  in the report ,  was due basically t o  the stripping 
and reinstallation of the multilayer blankets. 

In figure 14, a singularity occurred during the tes t  on the five-blanket system. 
Analysis of the data revealed that no mechanical malfunction had occurred. It is the 
opinion of the authors that the slight dropoff, r i se ,  and return t o  steady state of the 
boiloff history w a s  due t o  a very localized and transient superheating condition which 
occurred in the tes t  tank. The total energy involved in the small  dip preceding the sharp  
rise in boiloff was very  small  (1 Btu o r  1.05X10 3 J maximum). This  energy is matched 
by the a r e a  under the very short, very sharp, rise of the boiloff history curve. After 
the stored energy was released, the boiloff ra te  returned t o  1.6 percent of i t s  steady-
state value. 

The actual GH2 boiloff data for  the end of test 4 are shown below that of the end of 
tes t  5. This  apparent anomaly can be accounted for  by the inability to  control the varia
tions in environmental chamber wal l  temperature from test t o  test .  The environmental 
chamber w a s  approximately 20' F (11. 1 K) higher in tes t  5 than in tes t  4. Later  dis
cussion wi l l  show that this  fact more  than accounts for  the apparent reversed positions 
of these two tests.  

The remaining singularity in figure 14 w a s  the period of t ime during the six-blanket 
t e s t s  when the internal tank liquid-level sensors  were intentionally turned off to  cali
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bra t e  the quantity of heat they were releasing t o  the liquid propellant. This  singularity 
will be discussed in the following section. 

Calibration of internal tank liquid-level sensors.  - As mentioned in the INSTRU
MENTATION section, there  were  13 hot wire  liquid-level sensors  located inside the test 
tank. Inasmuch as these units were adding heat t o  the ullage gas  and the LH2 propellant 
during all tests,  a calibration of the heat addition was necessary.  The exact calibration 
t o  use w a s  determined during testing of the six-blanket configuration. After 13 hours of 
steady-state boiloff had been obtained, the power to  all sensors  was shut off for  a period 
of 3 hours (note the s tep change in the curve in fig. 14). The change in boiloff w a s  
3 1 0 ~ 1 0 - ~Btu per  second (3 .268  J/sec). The  sensors  were then turned back on and 
voltage and current data were recorded for  one sensor  in  the ullage and two submerged 
in  the liquid. The power being dissipated by  the sensor  in the ullage w a s  8.77X10- 5 

Btu per  second ( 9 2 . 4 7 ~ 1 0 - ~J/sec);  the average power being dissipated by  the sensors  
in the liquid w a s  24. 6X10-5 Btu per  second ( 2 5 9 . 3 7 ~ 1 0 - ~J/sec).  Applying these resul ts  
t o  all the sensors  in  both the ullage and the liquid propellant yielded a value of 288x10- 5 

Btu per  second (3 .037  J/sec) being added by the instrumentation for  the six-blanket sys
tem test .  The difference between the actual change' in boiloff measured and the com
puted heat input by the instrumentation was 

3 1 0 ~ 1 0 - ~_ _  ~ ~ Btu/sec - 288X10-5 Btu/sec = 3- 268 J/sec - 3.037 J/sec x 100 = 7 . 1  percent 

Btu/sec 3 .268  J / sec3 1 0 ~ 1 0 - ~  

Since the agreement obtained between the predicted and experimental values w a s  so  
close, the t e rm QLLS w a s  determined for  each tes t  using calculated values of energy 

Division of the prime heat input into the insulated tank. - A tabulation of the absolute 
values of all the heat flows into the LH2 propellant as wel l  as all the hardware internal 
energy changes is presented in table II. 

Percentages of the pr ime heat input for  each tes t  have been calculated and are 
plotted in figure 15. For all t e s t s  the following generali t ies are noted: 

(1) Less  than 3 percent of the heat w a s  coming in through the plumbing connections. 
(2) Between 20 and 27 percent w a s  coming in through the cone support. 
(3) Between 9 and 14 percent w a s  coming in through the thermocouple and platinum 

resis tance temperature probe lead wires.  
(4) Between 7 and 10 percent w a s  being added by the internal tank hot wire sensors .  
In summary, i f  exact values f rom table 11are used, between 37 and 52 percent of 

the total heat input t o  the propellant was due t o  the presence of the instrumentation or 
hardware connections to  the tes t  tank. Hence, between 48 and 6 2  percent of the heat in
put to  the propellant was transmitted by the insulation blankets, coming through them by 
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radiation and solid conduction. It should a l so  be noted that the percentage of heat t rans
mitted through the blankets was not a strong function of the number of layers  of insula
tion. 

Overall insulation system efficiency. - A comparison was made between the empir.. 

ically obtained heat flow through the insulation sys tem QINSUL and the ideal value ob
tained from theory. The ideal radiation heat t ransfer  through the effective number of 
radiation shields n was calculated for  each run by the following equation: 

%DEAL = 
A'(T&3M - '$M) where E = 0.026 

The ideal radiation percentage of the heat coming through the insulation system w a s  
then computed and is plotted in figure 16. These resu l t s  show that all the configurations 
tested were only between 10 and 15 percent efficient as radiation insulation systems 
(i.e . ,  if all solid conduction through the insulation system could be eliminated, the per
formance of the configuration could be improved by a factor between 6.7 t o  10.0). It 
should also be noted in the figure that the ideal radiation percentage is almost constant 
over the "increasing insulation thickness" tests.  Disregarding the slightly different 
test boundary temperatures,  this  fact implies that the total  heat flow through the insu
lation system decreased approximately proportional to  the thickness of the insulation 
(i. e . ,  as t r n r rw a s  increased, QIDEAL decreased. The fact that the ratio 

QIDEAL/QINSUL remained constant implies that QINSUL decreased approximately 
proportional to "n. ' I ) .  

In summary then, figure 17, which i s  a complete apportionment of the absolute 
values of the heat flows into the LH2 propellant, was obtained by superimposing the re
sult of figure 16 on figure 15. 

___ insulation.Heat flux through the uninterrupted_. - -~- The technique of calculation of the 
heat flux through the uninterrupted portion of the insulation for  both actual tes t  temper
a tures  and 528' R (293.3 K) boundary temperatures  w a s  detailed in  the DATA REDUC
TION section. All values used and resulting from these calculations are shown in 
table HI. 

Figure 18 is a plot of both the original and the scaled values of heat flux through the 
uninterrupted portion of the insulation for  each run. 

The arithmetic average of the scaled heat fluxes for  the first three t e s t s  w a s  0. 373 
Btu per  hour per  square foot (4.233x103 J/(hr)(m 2)). The value obtained for the first 
tes t  was only 0. 5 percent below this average. Test 3-2, the second of the series, 
showed a decrease of 7.77 percent. The result  of the third test w a s  a value 8.2 percent 
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above the average. The engineering conclusion drawn is that no ser ious degradation of 
the space-hold thermal  performance of this  insulation system was observed for  the three  
t e s t s  conducted. 

The resul t  of the reinsulated tank tes t  (R3) was that the heat flux increased by 
5 5 . 4  percent relative t o  the average of the f i r s t  three cyclic tests. This  fact leads t o  
the conclusion that the space-hold performance, o r  efficiency, of this  insulation system 
was definitely a strong function of details of the technique of application. The two quali
tative reasons offered as explanation for  this  increased boiloff rate are (1) a net com
pression of the insulation blankets resulting from the second installation, and (2) an  in
c rease  visually observed in the number of gaps a t  s eams  between abutting insulation 
blankets after reinstallation. 

The scaled tes t  data for  the Iqincreasinginsulation thickness" t e s t s  are also plotted 
in figure 18. The trend displayed is that the boiloff ra te  tends t o  decrease approximately 
linearly with increasing insulation thickness. It should be noted here  that the resu l t s  
for  the four- and five-blanket configurations (0. 381 Btu/(hr)(ft 2) o r . 4 . 3 2 4 ~ 1 0 ~J/(hr)(m2) 

and 0. 360 Btu/(hr)(ft 2) or  4. O86X1O3 J/(hr)(m 2), respectively) are almost identical with 
the resulting average of the first three  cyclic t e s t s  (0. 373 Btu/(hr)(ft2) o r  4. 2 3 3 ~ 1 0 ~  

2J/(hr)(m )). In order  that no false conclusions are drawn because of this anomaly, it 
must be stated that the only test resu l t s  which may be directly compared are as follows: 
(1) any comparison of t e s t s  within the f i rs t  three cyclic tes ts ,  (2) comparison of any or 
all of the three cyclic t e s t s  with the reinstalled insulation system test, and (3) any com
parison of t e s t s  within the 'pincreasing insulation thickness" series. 

If the fourth, fifth, and sixth blankets had been added t o  the original three-blanket 
systems,  the authors fully expect the resultant heat leak through the uninterrupted por
tion of the insulation would have decreased f rom the 0 . 3 7 3  Btu per  hour per  square foot 
(4. 233x103 J/(hr)(m 2)) average of the first three cyclic tes ts  just  as it did from the 0 .579  
Btu per  hour per square foot (6. 571x103 J/(hr)(m 2)) value of the reinsulated tank test. 

The insulation system was X-rayed af ter  the f i r s t  group of cyclic tes t s  as well as 
af ter  each of the tes t s  in the "increasing insulation thickness" series. Three photo
graphs were taken near  each of the two radial  temperature profile instrumentation posi
tions on both the top and bottom hemispheres. Small diameter lead (i. e. , Pb) wires  had 
been laid on the surface of each blanket in an effort to  determine individual blanket thick
nesses.  The overall thickness values of the entire set  of radiation blankets were easily 
measured. Determination of individual blanket thicknesses, however, w a s  difficult be
cause the indicator w i r e s  were not lined up exactly on a tank hemisphere radius vector. 
The data obtained from these measurements  on the top and bottom hemispheres are 
plotted in figures 19 and 20, respectively. P r io r  to  reinstallation of the multilayer blan
kets, the sublayer w a s  fluffed on both hemispheres. On the top hemisphere, the insula
tion blanket thickness w a s  compressed by 13. 2 percent as a result  of the reinstallation. 
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On the bottom hemisphere, the overall  multilayer blanket thickness w a s  reduced by 
53.1 percent. Since the space-hold performance of th i s  type of insulation system has 
been shown by previous investigators to  be  very  load sensit ive (ref. 4), the increase in 
boiloff observed for  the rebuilt system is understandable. 

Quantitative evaluation of the increased number of gaps at seams  between abutting 
insulation blankets for  the two different three-blanket sys tems was difficult. For this  
reason, the increase in  observed gaps (approximately 51/16 in. o r  0.0016 m) is offered 
only as a qualitative fact to  help explain the increased boiloff r a t e  of the reinstalled in
sulation system. The major cause of the increased boiloff is still considered t o  be the 
excessive compression observed after the insulation blankets had been reinstalled. 

Insulation system temperature  profiles. - It is concluded that the seven insulation 
. .  . -

configurations under tes t  performed poorly when viewed only from a radiation heat t rans
f e r  standpoint. One of the major  indications of the predominant type of heat t ransfer  
through the insulation systems is the type of radial  temperature  profile observed. Fig
u r e s  21 and 22 are plots of measured steady-state temperatures  in the top hat, top and 
bottom hemispheres, and the sump cover. In figure 21 are displayed data for  all the 
three-blanket tes ts ;  f igure 22 displays data for  the "increasing insulation thickness" 
tests.  

For all tes t s  conducted, the temperature profiles in both the top hat and sump cover 
are fairly l inear indicating predominantly solid conduction-type heat t ransfer  through the 
insulation blankets. T o  obtain a qualitative appreciation of this  fact, an  analytically pre
dicted temperature profile for  radiation heat t ransfer  was calculated for both the top hat 
and hemisphere areas. These curves were added t o  figure 21 only for reference. For  
all three-blanket tes ts ,  the temperature profiles in the top hemisphere indicate a slight 
digression from pure solid conduction. This  trend, however, disappeared as the fourth, 
fifth, and sixth blankets were added and the gradients were close to  linear. 

In the bottom hemisphere insulation, the temperature  profiles tended m o r e  toward 
a radiation profile for  the three-blanket system than in the top hemisphere. Figure 22, 
however, displays almost a complete re turn to  the solid conduction-type profile af ter  
reinstallation of the system and during the entire "increasing insulation thickness" tests.  
In figure 21, the bottom hemisphere temperature profile for  the reinstalled three-blanket 
configuration shows the result  of the 53. 1 percent reduction in insulation thickness. The 
profile is almost linear. Also, a sharp  discontinuity is evident in the slope of the tem
perature  profiles for  the bottom hemisphere a t  the Aclar purge bag. This discontinuity 
was present for  the reinstalled three-blanket configuration as well as for  the four-, 
five-, and six-blanket tests.  It is believed by the authors that this  sharp discontinuity 
w a s  caused because the resis tance to  heat flow was pr imari ly  in the insulation itself and 
not in the fiberglass substrate. Hence the discontinuity is a function of the spacing of 
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the Aclar bag from the surface of the tank. If the sagging had not occurred, this dis
continuity would not have been as pronounced. 

The point alluded t o  by these data is that packing density changes of the magnitude 
produced by manual installation definitely influenced the temperature profiles through 
the insulation and thereby increased the conduction component of heat t ransfer  through 
the insulation. (Packing densities of the insulation for  all t e s t s  a r e  shown in table W 
for  quantitative reference. ) As previously mentioned, this relation between packing den
sity and insulation heat flux has been brought out by other investigators. It is discussed 
here  only to  display the general  agreement between the resul ts  of these t e s t s  and some 
of the previous tes t  work on insulation systems. 

Effective conductivity. - A te rm found in the l i terature  to  describe the usefulness of 
an insulation system is “effective conductivity. f t  This  value is computed as follows: 

Using the temperature values plotted in figures 21 and 22 and the individual heat fluxes 
through the insulation computed in step 6 of the section Heat Leak Through the Uninter
rupted Insulation QUMNT, the effective conductivities of the blankets for each of the 
seven space-hold t e s t s  were calculated. The resul ts  for  both the top and bottom hemi
spheres  a r e  shown in figures 23 and 24. These resul ts  wi l l  not be discussed in detail; 
however, two observations can be drawn from these figures. The f i r s t  is that, at any 
given temperature, the spread in effective conductivity is as much as a factor of four. 
The second observation is that the effective thermal conductivity increases  with increas
ing blanket temperature. This fact implies that even if one could be su re  of the absolute 
magnitude of the effective conductivity for one given temperature, a pronounced e r r o r  in 
any tank boiloff prediction could b e  expected due to  the temperature dependency of this  
parameter.  

Further,  it should be appreciated that there  are at least  four major variables which 
contributed directly to the heat flux through the insulation blankets of this system. 
These factors  a r e  (1) insulation packing density, (2) residual noncondensible gases  
trapped between the radiation shields, (3) any condensed gases  between the shields, and 
(4)nonreproducibility of insulation installation. To evaluate the exact effect of these 
parameters  is, at best ,  exceedingly difficult. 

In addition, the heat t ransfer  process  through multilayer insulation system is not 
that of solid conduction - a fact which presupposes nonlinear temperature profiles in 
the insulating shields. 

In conclusion, then, the authors wish t o  point out that the aforementioned reasons 
a r e  inadequacies which must be considered when trying to  use the t e rm “effective con
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ductivity" to  predict space-hold propellant boiloff values for  an insulation system. It 
is obvious that the definition of effective conductivity does not take them into account. 

Comparison of full-scale insulation performance data with calorimeter data. _ _  _-
Further  experimental tests t o  gain additional information on the performance of an  in
sulation system which duplicated the three-blanket system of this  report  have recently 
been completed at Lewis Research Center (ref. 5). One of the basic objectives of this  
work was t o  obtain a steady-state heat flux value through the insulation system at a 
simulated space-hold condition. 

The tes t  tank employed in this  work was a 65-inch- (1.65-m-) diameter by 89. 5
inch- (2. 28-m-) long double guarded cylindrical calorimeter.  The space-hold perform

3 2 ance value obtained w a s  0.301 Btu per  hour per  square foot (3 .416~10 J/(hr)(m )). 
This  value is plotted in figure 25 along with the resu l t s  of all seven tes t s  of this report .  
The agreement of data from the two programs is considered good. 

Plumbing penetrations. - As listed in table II and portrayed in figure 17, the heat 
flow down all the plumbing penetrations amounted to  less than 3 percent of the total heat 
flow into the insulated tank. An attempt w a s  made during the four-blanket tes t  to  deter
mine how much interaction w a s  occurring between the insulation blankets and the pene
trating pipe for  the f i l l  line through the bottom sump, and the vent line through the top 
hat. The heat flow down each pipe was computed for  a length of the pipe immediately 
outside and inside both the sump cover and the top hat. 

For the vent line, 0 . 3 1 ~ 1 0 - ~Btu per  second (0.0327 J /sec)  w a s  flowing toward the 
vent line top hat intersection in the section of pipe immediately outside the top hat. A 
flow of 0 . 2 9 ~ 1 0 - ~Btu per  second (0.0306 J/sec) was leaving the intersection and flowing 
towards the manhole cover. The heat lost to  the insulation and top hat w a s  0.02X10- 4 

Btu per  second (0.0021 J/sec) o r  6.5 percent of the heat coming in through the vent line. 
The heat flow values for  the f i l l  line were slightly different. In both calculations, 

heat w a s  flowing down the f i l l  line from the f i l l  line-sump cover intersection. A value of 
0. ~ M O - ~Btu per  second (0.0012 J/sec) w a s  flowing away from the insulated tank in 
the section of pipe immediately outside the sump cover; 0 . 8 7 ~ 1 0 - ~Btu pe r  second 
(0.00917 J /sec)  was flowing toward the tes t  tank in the section of pipe immediately in
side the sump cover. This  peculiar pattern resulted because of the LH2 cold guard sub
system employed in  the f i l l  line. 

In both of the previous cases the computed numbers could easily be within the e r r o r  
band of the temperature sensors  used in these particular areas. Hence, the engineering 
conclusion which was drawn is that negligible interaction occurred between the insulation 
system and the main f i l l  and vent service lines. 
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Ground-Hold Testing 


History. - Performance of the ground-hold subsystem (GHe purged substrate) pub- 
lished in  reference 2 showed that the subsystem w a s  not performing as originally de
signed. The basic  trouble was that the f iberglass  substrate  was not sufficiently thick 
to  maintain a temperature  of 2140' R (77.8 K) on the surface of the Aclar purge bag. As 
a result ,  GN2 w a s  most likely condensing on the purge bag. This  point notwithstanding, 
six ground-hold t e s t s  were conducted on the insulated tank to  define inadequacies of the 
subsystem and thereby obtain a better understanding of the difficulties mentioned in 
reference 2. 

Inasmuch as the substrate  w a s  thermally inadequate, the analysis and the resulting 
conclusions reached in  th i s  section of the report  will be mainly qualitative as opposed t o  
quantitative. For  convenience, the history as well as the run setup techniques employed 
for  the ground-hold tes t s  are listed in  table V. 

-Post-test  inspection and analysis of ground-hold subsystems. - After all s ix  tests- .  

were conducted, the multilayer insulation blankets on the hemispheres were removed. 
The fiberglass substrate  w a s  found t o  be compressed from an  original thickness of 
0 .5  inch (0.0127 m) to  an average thickness of 0. 15 inch (0.0038 m) on the top hemi
sphere and about 0.325 inch (0.0083 m) on the cone and bottom hemisphere (see figs. 
19 and 20 in the section Space-Hold Testing). Also, there  were t ea r s  found in the lower 
hemisphere purge bag. These t e a r s  were such that, during ground-hold testing, they 
would have allowed some of the helium purge gas  to enter the aluminized Mylar blankets. 
An in-house test (unpublished NASA data f rom M. P. Hanson) revealed that the Aclar 
mater ia l  would contract approximately 1percent as it w a s  cooled from room tempera
tu re  t o  140' R (77.8 K). This  contraction, when applied t o  the 83.60-inch (2.123-m) 
outer diameter of the Aclar bag, means that the actual outer diameter would have been 
82.76 inches (2. 102 m) when the tank w a s  cold. When the contraction of the tank is 
taken into account, this  value of 82.76 inches (2. 102 m) represents  a compression of 
0. 257 inch (0.0065 m) on a radius. This  fact tends t o  explain the reduced substrate 
thickness. It is hypothesized that the thermal  contraction of the Aclar a lso caused the 
tears in  the purge bag. 

General remarks.  - The total  boiloff rates measured for all ground-hold tests are-
plotted in  figure 26. A tabulation of all heat flux components for  each of the tes t s  is 
given in table VI. The data in table VI represent  values averaged over the t ime period 
between approximately 4 and 16 percent ullage conditions for  all runs except run 4. 
Data for  run 4 were taken over the 8 t o  12 percent ullage range. 

All of the tabulated boiloff rates for  the first three tests (GHe in the substrate,  GN2 
in the blankets) are suspected of being in excess  of what they should have been if the 
system performed as originally designed. The two reasons for  this  statement are 
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(1)that nitrogen was condensing, and in some cases  freezing, on the surface of the Aclar 
bag and inside the blankets and (2) that some GHe was present in the multilayer blankets 
because of the ruptured Aclar purge bag and because of test setup techniques employed 
(e.g., breaking the vacuum in the environmental chamber with GHe). The resul t  of the 
nitrogen condensation and freezing was the addition of both sensible and latent heat to 
the test tank, the resul t  of GHe in the blankets was a n  increase  in  the overall thermal  
conductivity of the blanket-substrate combination. 

Tests conducted in a GN2 environment. - The first five t e s t s  (1, 2, 3a, 3b, and 3c)
-_- -

were  conducted in a GN2 environment. As can be seen in figure 26, two distinct groups 
of data resulted. The f i r s t  t es t  (lowest group of data) is considered t o  be the closest  t o  
the t rue  boilaff value; however, the boiloff measured during this  test is s t i l l  high be
cause of the latent and sensible heat added by the condensing and freezing nitrogen. Be
cause of the large difference in boiloff experienced between test l and succeeding tests, 
it w a s  suspected that the purge bag ruptured sometime during tes t  1. Figure 27 is a 
plot of the radial  temperature gradients measured during tes t  1 in the insulation system 
on both the top and bottom hemispheres. One radial  gradient in the top hemisphere in
sulation shows the surface of the Aclar bag at  that location to  be below the liquifaction 
point of nitrogen. The two radial  profiles in the bottom hemisphere insulation show the 
Aclar bag temperature to  be below the freezing temperature  of nitrogen (113' R or 
62.78 K). Also, on one side of the bottom hemisphere, the outer surface temperature  
of the f i r s t  blanket implies that the entire f i r s t  blanket was below the liquifaction tem
perature  of nitrogen. 

Because of (1)these low temperatures in the insulation blankets and (2) the inex
haustible supply of GN2 in the environmental chamber, it w a s  concluded that nitrogen 
condensation w a s  occurring continuously during the testing periods. Most likely more  
nitrogen would have condensed and frozen on the Aclar bag if the bag had not torn. The 
torn bag probably allowed some GHe t o  escape locally into the insulation blankets and 
displace some of the condensible GN2. Further  evidence of this  continuous condensation 
problem can be obtained by studying figure 28. This  figure is a plot of the position 
averaged radial  temperature profiles in the top and bottom hemispheres of the tank for  
the three ground-hold tes t s  3a, 3b, and 3c. The bottom hemisphere insulation profiles 
show a continual cooling through the three tes ts .  The profiles in  the top hemisphere 
also show this trend but not quite as strongly. Fo r  tes t  3a, about 41 percent of the inner 
blanket on the bottom hemisphere w a s  below the freezing temperature of nitrogen and 
79 percent w a s  below the liquifaction temperature.  The profiles for  the t e s t s  3b and 3c 
show that 73 percent of the inner blanket on the bottom hemisphere w a s  below the freez
ing temperature and that the entire inner blanket as wel l  as 14 percent of the middle 
blanket were below the liquifaction temperature. 
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To gain a feeling for  how much heat could be put into the test tank by the cooling 
and condensing nitrogen, a n  a rb i t ra ry  thickness of 0. 1 inch (0.00254 m) of condensed 
nitrogen was assumed. Over the total hemispherical area of 154. 1 square feet 
(14.32 m 2), a 0. l-inch- (0.00254-m-) thick layer of condensed nitrogen would amount 
t o  1.28 cubic feet (0.0362 m 3). Sensible heat lost by  this  quantity of nitrcgen cooling 
f rom 528' t o  140' R (293.3 to  77.78 K) would be approximately 617 Btu (0.65X106 J); 

latent heat liberated t o  the test tank during condensation would be about 5555 Btu 
(5.86X10 6 J). Total heat addition t o  the test tank for this  example is 6172 Btu 
(6.51X10 6 J) or, over a l-hour t ime period, 1 .71 Btu per  second (1.803XlO3 J/sec).  
Relative t o  tes t s  3a, 3b, and 3c, this  heat leak of 1. 71 Btu per  second (1.803x103 J/sec) 

which is equivalent to  32.26 pounds pe r  hour (14.633 kg/hr) of boiloff gas  would amount 
t o  27, 28, and 28 percent of the QINSUL value shown in table VI. These values a r e  
considered to  be low since no attempt w a s  m'ade to  consider (1) sensible heat lost by the 
nitrogen between the liquifaction and freezing temperatures,  (2) latent heat liberated 
during freezing, (3) sensible heat lost below the freezing temperature,  and (4) the in
creased thermal conductivity of the frozen layer of nitrogen compared to the thermal  
conductivity of GN2. 

The conclusion drawn from the foregoing discussion is that the main source of un
expected heat addition t o  the tes t  tank w a s  due to condensing and freezing of nitrogen in 
the insulation blankets. 

A secondary source of unexpected heat addition t o  the tes t  tank w a s  probably due to  
the presence of GHe in the insulation blankets. Ground-hold tes t  1 w a s  the f i r s t  thermal  
cycle imposed on the insulation system. As stated ear l ie r ,  because of the large differ
ence in boiloff experienced between tes t  1and the other four GN2 tes t s ,  it w a s  suspected 
that the purge bag ruptured sometime during test  1. For  t e s t s  2, 3a, 3b, and 3c, the 
ari thmetic temperature average ac ross  the blankets (considering both top and bottom 
insulation profiles) w a s  between 244' and 267' R (135.6 and 148.3 K). Between these 
temperature l imits,  the thermal  conductivity of GHe is a factor of 5.7 t imes grea te r  
than the thermal conductivity of nitrogen. Since the authors believe that only partial  
filling of the insulation blankets with helium occurred (also note in table V that the vac
uum containing the insulation system was initially broken with GHe), this  presence of 
helium is advanced as the qualitative explanation of why tests 2 t o  3c have a higher boil-
off rate than test 1. 

Tes t  conducted in a GHe environment. - In order  t o  further substantiate the fact 
-~ 

the heat flux values obtained in t e s t s  1 to  3c were excessively high, a ground-hold test 
was conducted with GHe in both the substrate  and the insulation blankets. Since both of 
these volumes were filled with GHe, the purge bag did not have t o  function as a divider 
between the substrate  and the blankets. Investigation has shown (ref. 3) that during 
ground hold, the heat t ransfer  through the substrate and the insulation blankets is con
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trolled almost entirely by the gas  present in  the substrate  and blankets. This  conclusion 
was  applied against the resu l t s  of test 4. Since ground-hold heat t ransfer  is essentially 
by conduction, the total  heat flow through only the insulation QINSUL was divided be
tween the hemispheres in  a manner inversely proportional to the complete insulation 
thickness measurements. This  division yielded 17 966 Btu pe r  hour (18. 94X106 J /hr)  
through the top hemisphere and 9335 Btu per  hour (9. 84X106 J/hr) through the bottom 
hemisphere. Using the equation 

and considering the A T  t o  exist from the outer surface of the insulation to the tank wall, 
the conductivities were calculated t o  be 

%OP HEMISPHERE =-
(17 966 Btu/hr)(o. 0692 ft_) = 0. 0487 Btu/(hr)(ft)(OR) 

(75. 4 ft2)(3760 t o  37' R) 

for  the upper hemisphere and 

k~~~~~~ HEMISPHERE = 
(9335 Btu/hr)(o' 1333 ftl = 0. 0438 Btu/(hr)(ft)(OR) 
(78.7 ft2)(398' t o  37' R) 

-	 (9.84x106 J/hr)(o. 0406 m)- = 272. 49 J/(hr)(m)(K) 

(7. 311 m2)(221. 1to  20. 56 K) 

f o r  the bottom hemisphere. These values are plotted at the ari thmetic average of the 
respective differential temperatures  in figure 29. The resul ts  of these calculations 
ag ree  wel l  with the conductivity of pure helium gas. Finally, this  agreement tends t o  
support the previous contention that the resu l t s  of all the GN2 ground-hold tes t  runs were 
in excess  of what they should have been if the insulation system had performed as orig
inally designed. 

30 


I 




SUMMARY OF RESULTS 

A total of seven space-hold tests and s ix  ground-hold tests were conducted on a 
purged substrate multilayer insulation system mounted on a 82.6-inch- (2.098-m-) 
diameter spherical  liquid hydrogen (LH2) tank. The work was conducted in a 25-foot
(7.62-m-) diameter spherical, side loading, vacuum chamber. No isothermal shroud 
w a s  employed around the test configuration. The heat source w a s  the ambient temper
a ture  chamber wall. 

The objectives of this  work were fourfold: 
(1) To determine i f  repeated thermal  cycling of the insulation system would cause 

degradation of the space  hold performance of the tank-mounted insulation 
system, 

(2) To determine the reproducibility of the thermal  performance after removal, 
inspection, and reinstallation of the insulation blankets, 

(3) To determine the space-hold performance of the insulation system for  four, 
five, and s ix  blankets, and 

(4) To determine the performance of the ground-hold subsystem. 
The resul ts  obtained a r e  stated in  the following sections. 

Space-Hold Tests 

1. No ser ious degradation of the space-hold thermal  performance of the three-
blanket system w a s  observed over the three cyclic t e s t s  performed. 

2. The space-hold performance, or efficiency, of the three-blanket system w a s  
definitely a strong function of the technique of application. Heat flux values of 0. 373 and 
0.5797 Btu per  hour pe r  square foot ( 4 . 2 3 3 ~ 1 0 ~and 6. 571x103 J/(hr)(m 2)) were obtained 
for  the originally installed and the reinstalled systems, respectively. 

3. The total  heat f lux  through the undisturbed insulation system decreased approxi
mately proportional to  the thickness of the insulation. 

4. Between 37 and 52 percent of all the heat input to  the propellant w a s  transmitted 
by the insulation blankets or was coming through them by radiation and solid conduction. 
The remainder w a s  due t o  the continuous cone tank support, instrumentation lead-in 
wires, internal tank instrumentation, and plumbing connections. 

5. All the configurations tested were  between 10 and 13.3 percent efficient as radia
tion insulation systems. If all solid conduction through the insulation system could be 
eliminated, the performance of the configuration can be improved by a factor between 
6. 7 and 10.0. 
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6. Insulation packing density definitely influences the temperature  profiles through 
the insulation and thereby increases  the conduction component of heat t ransfer  through 
the insulation. 

7. The te rm "effective conductivity" is not a t ruly independent and meaningful pa
rameter  t o  use when predicting space-hold propellant boiloff values for  this  multilayer 
insulation system. 

8. The agreement of insulation heat f lux  data between this  program and a concurrent 
in-house investigation by Sumner and Maloy of a configuration duplicating the three-
blanket system w a s  found to  be  good. 

9. Negligible interaction occurred between the insulation system and the tes t  tank 
f i l l  and vent service lines. 

Ground-Hold Tests 

1. All of the measured boiloff ra tes  (for the conditions of gaseous helium (GHe) in 
the  substrate and gaseous nitrogen (GN2) in the blankets) are considered in excess of 
what they should have been had the system performed as originally designed. 

2. The main source of unexpected heat addition t o  the tes t  tank was  believed due to  
condensing and freezing of nitrogen in the insulation blankets. 

3. 	 Unpurged GHe in the insulation blankets w a s  a secondary source of the unex-
Some ofpectedly high ground-hold heat flow obtained for  four of the six tes t  cycles. 

the GHe entered the insulation blankets as a result  of t e a r s  in the Aclar purge bag. 
4. Successful use of GN2 open purges around a LH2 tank is very difficult. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, January 14, 1971, 
180-31. 
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TABLE I. - WEIGHT AND AREA SUMMARY 

Position of insula- Inner blanket Second blanket 
tion substrate 

Top hat 

Upper hemisphere 

Inside cone 

Outside cone 

Lower hemisphere 

S U P  


Total 


Weight, lb (kg) 

0.97 (0.44) 0. 88 (0. 40) 0. 90 (0. 41) 
3.62 (1.64) 3. 5 (1.59) 3.63 (1.65) 
1. 14 (. 52) 1. 15 (. 52) 1. 15 (. 52) 
3. 27 (1. 48) 3. 27 (1. 48) 3. 27 (1.48) 
4. 30 (1. 95) 3.79 (1.72) 4.71 (2. 14) 
.34 (. 15) .38 (. 17) .41 (. 19) 

14.90 (6. 76) I 13.64 (6. 19) 1 12. 97 (5. 88) I 14. 07 (6. 38) I 15. 19 (6.89) I 14.87 (6.75) 

Weight/area Total system 
(multilayer, bag, weight, 

blankets substrate), 1b (kg) 
1b/fi2 (k/m2) 

0. 149 (0. 728) 0. 233 (1. 14) 63.7 (28. 9) . 

.205 (1.00) .289 (1.41) 78.9 (35.8) 

.259 (1.27) .343 (1.68) 93. 8 (42. 5) 

.317 (1. 55) .402 (1.96) 109.6 (49.7) 

Surface area, 
ft2 (m2) 

1.44 (0.65) 17. 24 (1.60) 
3.44 (1.56) 75. 4 (7.00) 
1.72 (. 78) 44. 16 (4. 10) 
3. 13 (1.42) 49.69 (4.61) 
5.50 	(2. 49) 78.7 (7. 31) 
.62 (. 28) 7.34 (.68) 

15.85 (7. 19) I 272. 53 (25.32) 



TABLE n. - HEAT FLOWS AND INTERNAL 

I
Test Total  P r m “  heat input terms l o  LH2 propellant 

steady 
state 

~ 

Heal leak through Heat absorbed by Heat leak throughHeat leak througl Heat given off by Heat re leased due 

test plumbing c o m e r - insulation system, insulation system.instrument w ~ m s  internal  tank 1”- to cooling of tank 

ILmc. 
hr 

~ 

3-1 2.67 0.000120 (0.0000541 

t l O ” 5 .  

QPIPES. 
Btu
G (3 

0.000804 (0.847697) 
’2.71 

I .  007383 (7.78427) 
‘24. 86 

DINSUL. QINSUL, 

- - - - - - - - ( - - - - - - - )  0,014379 (15. 1605) 
a48.41 I 

I QWIRES, 
Btu 
G (3 

,004062 (4.28277 
a13. 68 

strumentallon. 
QLLS, 

0.003038 (3.20312) 
a l O .  23 

wall, 
DTANK, 

0.000034 (0.035848 
=o. 10 

~ ~ 

3 - 2  10.33 0.000121 (0.0000551 0.000824 (0.868784) 1,007181 (7.  57129) 0.001557 (1.64162) 0.012245 (12.9105),003966 (4. 18155 0.002720 (2.86783) 
“2.89 ’25.20 a5. 46 ‘42.98’13. 92 a9 .55  

~ ~ 

3-3 10.00 0.000141 (0.000064) 0.000918 (0. 967893) 1,008006 (8.44113) -------.(..-.- - - )  0,019303 (20.3521),004202 (4.43038 0.003040 (3.20522) 0. 000030 (0,031631: 

- 9 5 9  a22. 55 %4.38all .  84 56 aO. 08 
~ 

R 3  7 .98  3.000175 (0.000079) 0.000713 (0. 751752) I. 008609 (9.07690) 0.002094 (2.20781) 0.024096 (25.4056)0.002831 (2.98487) 0.000008 (0.008435:,003957 (4. 17206 
a l . 6 9  220. 35 =4. 95 a56.95 ’‘6.69 ao. 02a9 .35  

~ 

4 15.33 3. 000122 (0.000055) 0.000609 (0.642099) I. 007852 (8.27876) .-......(- - - - - - - )  0.015754 (16.6102)0.002725 (2.87310) - - - - - - - - ( - - - - - - - - :,003705 (3.90637: 

-~ a1.99 %5.62 ‘51.4189a n .  09 

5 18. 17 ). 000 127 (0.000058) 0.000666 (0.702 197) .008031 (8.47381) .....--.(__.....) 0.015983 (16.8517)0.002722 (2.86994) - - - - - - - - ( - - - - - - - - I,003917 (4. 129891 

- a2. 13 ‘25.66 a51. 02‘8.69‘12. 50 

6 15.75 I. 000120 (0. 000054) 0.000669 (0.705360) ,008072 (8. 51071) 0.000561 (0. 591490) 0.013589 (14. 3276),003807 (4.01391) 
“2.26 ‘27.28 a1.90 a45.93‘12.87 

=percentages. 
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ENERGY CHANGES FOR SPACE-HOW TESTS 

Sum a1 all prime Latent and senii- Heat absorbed by Heat absorbed by Heal released due t o  

heat mput t e r m s  b l e  heat contained ullage gas, tank wall. insulation cooling, 
to propellant and tn boilof1 gas, DULL. DTANK, DINSUL, 

insulation system. BOUT, Blu 

0.029700 ( 3 1 . 3 1 4 2 ) )  0 .027562 (29.06001 0.000273 (0.281838: .... (........) 0,001866 ( I .  967421 

0 .026493 130.0411 0.02H258 (29. 79381 0.000227 (0 .239337 I .  000008 (0 .008435)  ........ (.......I 

0 . 0 3 5 4 9 9  (37.42841 0.033202 (35.00651 0 .000283 (0.217294 0.002034 ( 2  144551 

0.042308 (44.60741 0.041976 (44 .2514)  0 .000332 (0 .  350044 ........(.......I 

0. 030645 (32.31061 0. 029385 (30. 98211 0.000231 (0.243555 3.000004 (0 .004211l  

0.031325 (33 .0275)  0.030570 ( 3 2 . 2 3 1 5 )  0.000235 (0.247712 3.000008 (0.0084351 0.000512 (0 .  539821) 

0. 029585 (31.  1929) 0.029354 (30. 94941 0.000232 (0 .244609 .....-..( .  ......) 

'est tank iwessure Environmental 
PTANK. chamber wall 

temperalure, 

19.774 (l.36.1O5I 


16.746 ( I .  16.1051 480 1266.7) 


16.674 ( I .  15. i05)  509 (2H2. 81 


16.565 ( I .  14.105) 


16. 589 ( 1 .  1.1. 105i 
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TABLE n1. - ACTUAL AND SCALED 

(a) Top hat and upper 

Tesl 

Internal energy change Heat flow through Heat flow per  unit Ideal radiation com- Conduction com
of top hat assembly, uninterrupted por- area, ponent, ponent, 

Btu Btu-
see (k)tank insulation, 

(a) Btu 

. .. . 

3.007189 (7. 57972) 0.000160 (0.168696) -0.000816 (-0. 860350) 0.006213 (6. 55068) 0.2966 (3.  366X1O3) 0.000840 (0. 885654) 0.005373 (5.66508) 

.006123 (6.45579) ,000188 (. 198218) +.000205 (+. 216142) .006140 (6.47371) .2931 ( 3 . 3 2 6 ~ 1 0 ~ ).000923 (. 973165) .005217 (5.50060) 

.009651(10. 1755) .000309 (. 325794) -. 002149 (-?. 26580) ,007193 (7.58394) .3434 ( 3 . 8 9 7 ~ 1 0 ~ ),001138 (1. 19985) ,006055 (6.38415) 

.012048(12. 7028) ,000181 (. 190837) +.000098 (+. 103326) .011965(12.6153) .5713 ( 6 . 4 8 4 ~ 1 0 ~ ),001344 (1,41705) .010621(11. 1984) 

,007877 (8.30512) , 000110 (. 115979) +. 000187 (+. 197164) ,007954 (8.38630) .3798 (4. 31OX1O3) .000910 (. 959459) .007044 (7.42691) 

.007992 (8. 42637) ,000094 (. 099109) -_000199 (-. 209816) .007699 (8. 11744) ,3676 ( 4 . 1 7 2 ~ 1 0 ~ ).000838 (. 883545) ,006861 (7.23396) 

,006795 (7. 16431) .000114 (. 120196) -.000878 (-. 925719) ,005803 (6. 11839) .2771 (3. 145x1O3) ,000696 (. 733828) ,005107 (5.38462) 
~~. .. __ 

-

Tes 

of sump cover a s - ininterrupted por- I Heat flow per unit 

) 
Ideal radiation com- Conduction com-Heat leak through Calculation radiatioi nternal energy changl Heat flow through 

total bottom half and conduction a rea ,  ponent, 
of tank installation, through sump cover, sembly, ion of bottom half ~Btu ( J _ _ Btu 

ponent, 

QINSUL Btu Btu d tank insulation, 
(hr)(ft2) (hr)(m2) (.Ii) __ 

2 z (3 Btu 
Btuz . (3

- .  

(a) 
--

0.000859 (0.905687) 0.006211 (6.5486313- 1 1.007189 (7. 57972: 1.000096 (0. 101218) 0.000023 (-0.024250) 1.007070 (7.45425) 0.3234 ( 3 . 6 7 0 ~ 1 0 ~ )  


3-2 .006123 (6. 45579: ,000136 (. 143392) +. 000519 (+. 547208) .006506 (6.85960) .2976 (3.377X103) .000920 (. 970002) .005586 (5.88966: 


3-3 .009651(10. 1755) ,000136 (. 143392) -.000495 (-. 521903) ,009020 (9. 51024) .4126 (4.683X1O3) .001148 (1.21039) .007872 (8. 29992: 

R3 .012048 (12.7028) .000100 (. 105435) +. 000673 (+. 709578) .012621(13.3070) ,5773 ( 6 . 5 5 2 ~ 1 0 ~ ).001304 (1.37487) ,011317(11. 9322) 

4 ,007877 (8.30512) ,000108 (. 113870) -.000075 (-. 079076) ,007694 (8. 11217) ,3519 (3.  994X1O3) .000918 (. 967893) .a06776 (7. 144341 

5 .007992 (8.47637) ,000075 (, 079076) -.000029 (-. 030576) ,007888 (8.31671) ,3607 ( 4 . 0 9 4 ~ 1 0 ~ ).000848 (. 894089) ,007040 (7. 42269) 

141283) ,006590 (6.94817) ,3015 (3.  422X1O3) ,000714 (. 752806) ,005876 ( 6 .  19542)6 ,006795 (7. 16431) ,000071 (. 074859) -_000134 k-.-
aMinus sign indicates cooling; plus sign indicates warming. 
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UPHEATFLOWVALUES 

hemisphere of tank 

?adiat ion Conduction 528' R (293.3 K)boundary temperatures  
scale  up 
fact or  

scale up 
fact or  Ideal radiation 

~ 

Conduction com- Heat flow through 
component, ponent, lininterrupted por-

Btu Btu tion of top half of 
tank insulation, 
Btu 

1.619 1. 139 0.001360 (1.43393) ,006122 (6.45479) 0.007482 (7. 88872) 
1.473 1. 110 ,001360(1.43393) .005793 (6.10791) ,007153 (7.54184) 
1. 195 1.049 ,001360 (1.43393) . 006354 (6.69940) .007714 (8. 133331 
1.011 1.003 ,001360(1.43393) ,010656(11.2353) ..012016(12.6692) 
1. 121 1,031 .001020(1.07545) .007264 (7.65887) ,008284 (8.73432: 
,974 ,993 ,000816 (. 860358 .006812 (7.18230) ,007628 (8.04266: 
.977 .994 .000680 (.  716965 ,005076 (5.35193) ,005756 (6.06890: 

hemisphere of tank 

Radiation Conduction 528' R (293.3 K) boundary temperatures  
scale up  scale up  

factor factor Ideal radiation Conduction com- Heat flow through 
component, ponent, uninterrupted por-

Btu 

1.584 1. 133 0.001361 (1.43498) .007034 (7.416371 0.008395 (8.85135) 
1.478 1. 111 ,001360 (1. 43393) .006208 (6.545471 ,007568 (7.97940) 
1. 184 1.047 ,001360(1.43393) .008240 (8.68793) ,009600(lo.1219) 
1.043 1.011 ,001360(1.43393) ,011445 (12,0672) ,012805(13.5011) 
1,112 1.029 . 001021 (1.07650) .006972 (7.35100: ,007993 (8.42750) 
. 962 . 990 .000816 (. 860358 ,006967 (7. 34573: ,007783 (8. 20608) 
, 952 . 987 .000680 (. 7 16965 ,005799 (6.11423: .006479 (6. 83120) 

1 

Heat flow per  unit 1 

~ _ _  
0.3572 (4.054~10~) 

.3415 (3.876~10~) 


.3683 (4.180~10~) 

. 5736 (6.510*103) 
,3955(4.4 8 9 ~ 1 0 ~ )  

. 3642 (4.133h103) 
, 2748 (3.1 1 9 ~ 1 0 ~ )  

~ 

~ 

Heat flow per unit 

0.3840 (4.3 5 8 ~ 1 0 ~ )  
.3462 (3.929.1O3) 
. 4391 (4.983~10~) 
.5857 (6.647~10~) 
. 3656 (4.1491103) 
, 3560 ( 4 .  040*103) 
. 2964 (3.3 6 4 ~ 1 0 ~ )  

~ 

(c) Average scaled up heat 
flux data for 528' R 
(293.3 K)boundary 

t rmperatures  

up  ""lt heat flux 
data for both halves 

of tank, 

3-1 

3-2 , 3437 (3.9 0 1 ~ 1 0 ~ )  

3-3 . 4037 (4.5 8 2 ~ 1 0 ~ )  


R3 .5797 (6.5 7 9 ~ 1 0 ~ )  
4 .3806 (4.319~10~) 
5 ,3601 (4.087~10~) 
6 . 2856 (3.241~10~) 
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TABLE V. - HISTORY O F  GROUND-HOLD TESTING 

r e s t  Conditions pr ior  t o  s t a r t  of ground-
hold test setup 

Environmental T e s t  tank 
chamber  

1 1 a tm GN2 Ambient temperature  

2 lX10-5 m m  Hg LH2 tempera ture  

3a lX10-5 m m  Hg LH2 tempera ture  

3b 1 atm GN2 LH2 temperature  

3c 1 atm GN2 L H ~temperature  

4 1 a tm GHe Ambient temperature  

Steps taken t o  es
tablish 1-atm con
dition in chamber 

Break  vacuum t o  
15.52 m m  Hg 
using warm GHe. 

Finish breaking 
vacuum using 
warm GN2. 

Break  vacuum t o  
4 .5  mm Hg us
ing warm GHe. 

Finish breaking 
vacuum using 
warm GN2. 

(a) 

G a s e s  present  im
mediately pr ior  t o  
and during ground-

hold testing 

Substrate Blankets 

GHe GN2 

GHe GN2 

GHe GN2 

GHe GN2 

GHe GN2 

GHe GHe 

'Not applicable; chamber conditions established during tes t  3a. 

TABLE IV. - PACKING DENSITY O F  MULTILAYER INSULATION 

ON TANK HEMISPHERES 

Number Thickness of insulation 
of effec- blankets only, in. (m) 

tive 
shields  Top hemi- Bottom hemi

sphere  sphere 

28 0.681 (0.0173) 1.278 (0.0325) 
28 .681  (.0173) 1.278 (. 0325) 
28 .681  (.0173) 1. 278 (. 0325) 
28 . 5 9  (.0150) .60  (.0152) 
37 . 6 8  (.0173) - 6 7  (.0170) 
46 .81 (.0206) .83 (.0211) 
55 .88 (.0224) .97 (.0246) 

Packing density, effec
tive shields per  inch (m) 

Top hemi- 3ottom hem. 
sphere  isphere 

41. l (1618)  21.9 (862) 
41. l (1618)  21.9 (862) 
41. f (1618) 21.9 (862) 
47. 5 (1870) 46.7 (1839) 
54. 4 (2142) 55.2 (2173) 
56. 8 (2236) 55. 4 (2181) 
62. 5 (2461) 56.7 (2232) 

4 1  



Total 
iteady 

Heal  leak llirough
513lP 

test 
plumbing ronncc

t i m e .  tl0"S. 

hr QPIPES. 
DIU 

si; (3 

TABLE VI. - HEAT FLOWS AND INTERNAL ENERGY 

[Purges:  substrate, GHe; 

P r i m e  heal 111put ternis t o  LHZ prop?llnnt 

Heat leak 1hroup.h Heal given off by Heat added by GHr [cat r e l ~ n s e ddue IC 

instrument w1re5 .  LntPrllal tank 1"- subs t ra te  purge. ooling of tank wall ,  
QW!RES. strumentalion, QPURGE. DTANK 

E" QLLS. Blu Blu 
sec Bt"z (2 

1. 33 0.018392 (0.0083431 0.001386 (1.46133: 0.014465 (15.2511) ,006073 (6.40307) 0.002623 (2.76556: 0.088101 (92. 889: ....... (....._.) 

'0.03 aO. 30 '0. 13 aO. 05 a l .  82 

1.00 0.023883 (0.010833) 0.001323 (1. 394911 0.011392 (12,0112) ,005453 (5.74937) 3.002617 (2.75923: 0,082816 (87.317: 
"0.02 ao. 19 ao. 0 9  04 "1. 36 

0. 99 0.026055 (0.011819) 0,001444 (1. 522481 0.008210 (8.65621 ,004482 (4.72560) 3.002699 (2. 845691 0. 106247(112.0221 ....... (.......) 

ao. 02 "0. 13 '0.07 "0.04 '1.63 

0. 95 0.024117 (0.0109391 o. 001387 (1.462381 0.009173 (9.67155: ,004691 (4.94596) 3.002617 (2.759231 0. 104766(110. 460) .......(.......) 

"0.02 "0. 15 aO. 08 "0.04 al .  68 

1. 07 0. 023702 (0.0107511 0.001354 (1.427591 0.011365(11.9827) , 005300 (5. 588061 3. 002632 (2.775051 0.104005(109.658) 
ao. 02 aO. 18 ao. 0 9  %. 04 a l . 6 8  

0. 27 0.029227 (0. 0132571 0.001028 (1.083871 0.012917(13.6190) ,004428 (4.66866) 3. 002617 (2.759231 0.098661 (104.023) .......(__...._) 

ao. 01 aO. 16 '0.05 '0.03 a1 .21  
~ 

'percentages. 
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CHANGESFORGROUND-HOLDTESTS 

envi ronmenta l  chamber ,  GNz.] 

Sum 01 a l l  p r i m e  Laient and sensi- Heat absorbed  b y  Heat absorbed  b y  Heat r e l eased  due lo  rest tank p r e s s u r e ,  Environmental 
- heat inpul t e r m s  ble heat  rontainec ullage EBS, tank wall. insulalion cooling, PTANK. chamber  wall 
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Figure 1. -Test  tank and support cone. Figure 2. - Ground-hold subsystem. 



C D-10963-33 

Figure 3. - Ground-hold system and helium gas purge flow paths. 

Figure 4. - Insulation blankets. 



(a) Gore segment construction. 

Second 
blanket7 -Fi rct 

Third 

CD-10964-33 

(b) System cross section on tank hemisphere. 

Figure 5. - Insulation system construction. 
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Figure 6. - Installation of fourth, fifth, and sixth blankets. Figure 7. - Test configuration inside environmental chamber. 



,-Choked 

Heat exchanger 

I 
,-Ice bath,,,,,.,,*-I f 

&Reference volume 

tank filling Tank backpressure r u n  controller 

Environmental 


chamber-,\/ I
I 


Vacuum 
equipment 

\ 
Tank 
shutoff 
valve--- /- /-flow orifices/ (four used) 

I 
I 

cold guard vent 

- Helium 

Pressure transducer Helium purges 


Temperature transducer El 

Turbine-type flowmeter f 


@ Boiloff gas meters 

Fill and drain CD-10965-33 

Figure 8. - General schematic of facility plumbing. 
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Figure 9. - Block diagram of tank backpressure control  system, 
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Figure 11. - Dif ferent ia l  thermocouple measurements. 
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Figure 12. - Schematic representation of heat vectors. 
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Figure 15. - Distribution of total heat input to propellant tank and insulation for 7-foot- (2.134-m-) diameter tank. Space-
hold condition; actual boundary temperatures. 
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Figure 16. - Division of QINSUL plotted against test description. Space-hold condition; actual boundary 
temperatures. 
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Figure 17. - Distribution of total heat input (with ideal radiation) to propellant tank and insulation for 7-foot- (2.134-m-) 
diameter tank. Space-hold condition; actual boundary temperatures. 
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Figure 18. - Heat leak through uninterrupted portion of insulation. 
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assumed. 
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Figure 22. - Temperature profiles i n  three-, four-, five-, and six-blanket insulat ion systems for 7-foot- (2.134-m-) diameter tank. Space-hold condition; uni form 
blanket distribution assumed. 
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